Abstract: The mode of dislocation of the cell organelles in Spirogyra was observed while the algal filaments were being centrifuged at 600 rpm (40 g). When all the chloroplasts were packed at the centrifugal end of the cell together with the nucleus and most of the cytoplasm, a large clear area appeared in the centripetal end where only a thin layer of cytoplasm was left beneath the plasma membrane. Active movement of tubular organelles (endoplasmic reticulum, ER) was clearly seen in this area. With rhodamineconjugated phalloidin, distinct fibrous structures (bundles of F actin) showed up running more or less longitudinally or transversally to the cell axis. By staining with DiOC6(3), a faint fluorescent image coinciding with that of the moving tubular organelles became recognizable but only for a few seconds after blue light irradiation before it was rapidly transformed into a polygonal structure. The formation of the polygon was reversible, but it did not present the normal state of the ER. The movement of the tubular ER is supposed to be caused by the interaction of the cortical F actin bundles and putative myosin-like protein(s) attached to the ER.
Introduction.
Centrifugation of living cells was often used as an effective means for the study of cytoplasmic movement. However, the behavior of cells while they are being centrifuged has not been studied sufficiently. The following is a brief report on the mode of dislocation of organelles in the interphase cell of Spirogyra during centrifugation as observed with the video centrifuge microscope, 1) and also on active cytoplasmic movement occurring after centrifugation in the cleared area from which the entire chloroplasts were evacuated.
Materials and methods. The Spirogyra sp. used for the present studies was grown in
buckets in the open air in the Toyonaka campus of Osaka University for years. The cells, 110 µm in width, had 5 chloroplast bands; the width/length ratio was mostly 1/3-1/6. For observation of the cell while it was being spun, we resorted to the video centrifuge microscope we had used before. Results and discussion. (a) Behavior of cell organelles during centrifugation. With our video centrifuge microscope, the behavior of the cell organelles under any centrifugal acceleration in the range from 0 g through 640 g could be monitored as a non-flickered image. Although there were some varieties in the mode of dislocation of organelles according to individual cells, spiral chloroplasts in Spirogyra cells we used, usually started distortion and shifting under acceleration as low as 30 g. Under 40 g, the chloroplasts, nucleus and most of the cytoplasm were shifted toward the centrifugal end of the cell and packed there in a few minutes. Fig. 1 is a representative example showing how chloroplasts and nucleus behaved during centrifugation. The nucleus was not visible, here being obstructed by the spiral chloroplasts, but its position was known by the chloroplast-dense area. The first visible change was the deformation and distortion of the chloroplasts in the two opposite areas in respect to the nucleus settled at the center (Fig .   Fig. 1 . A Spirogyra cell in interphase during centrifugation.
The deformation and shift of the cell organelles displayed on the TV monitor was taken with intervals shown at upper left corner of each micrograph in min: sec. a: Taken at time 0 showing the normal state of the cell. The centrifugal acceleration which was directed rightward parallel to the cell axis (as in Figs. 2-4) was kept constant at 40 g (600 rpm) after c. Note that the spiral chloroplasts in the area on either side of the cell center where the nucleus was located, first yielded the centrifugal force. Bar at the lower right: 100 um.
[Vol. 67(B), 1 c-g). The chloroplast cluster formed surrounding the nucleus during centrifugation maintained its position more firmly in the high gravity field than the rest of the chloroplast bands. This is in good conformity with the morphological data, i.e. , the existence of nucleus-sustaining scaffold structure reported by Grolig3~ and the netlike cage of F actin bundles surrounding the nucleus described by Goto and Ueda.4~ To detect a local difference in resistance of chloroplasts to centrifugal force, low speed centrifugation, barely sufficient to displace them was appropriate. Under a higher speed of rotation, all the cell contents were shifted too rapidly to follow. (b) Cytoplasmic movement after centrifugation. When the nucleus and spiral chloroplasts together with most of the cytoplasm were packed at the centrifugal end of the cell, more than 80% of the total cell length became clear leaving only a thin layer of cytoplasm beneath the plasma membrane. Most cell lumen was filled with colorless vacuolar sap. In the thin cytoplasmic layer left behind, active but complicated movement of tubular organelles was observable without being disturbed by the chloroplasts.5~ The movement is especially clearly seen with DIC optics (Fig. 2) . The tubular organelles in active motion was ER as shown by the fluorescent microscopy to be described later. The movement occurred in all directions seemingly with some predilection for longitudinal and transverse directions. Occasionally, we also noticed the peripheral cytoplasm gathering to form a cytoplasmic mass, the contour of which was constantly changing as in amoeba.6~ The movement was stopped in a minute or two on application of 20 ug/ml cytochalasin D and resumed within several minutes after removal of the drug. Colchicine had no effect. Thus the movement is actin-based. Though the movement of the tubular organelles was quite active, it was hardly possible to identify the F actin bundles as guide tracks for them. If, however, the cell was stained with 5.5x 10-7 M rhodamine-conjugated phalloidin, bundles of F actin showed up beneath the plasma membrane. They ran more or less longitudinally (Fig. 3 a,b) or transversally (Fig. 3 c,d ) coinciding in general, with the direction of movement of the organelles.
To identify the nature of the tubular organelles in active motion, we treated the living cell with DiOC6(3), a lipophilic cationic fluorescent dye which selectively stains mitochondria and also ER in living cells.2~ Unless the dye was excited with blue light, the movement of tubular organelles continued (Fig. 4 a) . By fluorescence microscopy immediately after irradiation, faint striations running from upper left to lower right were recognizable, together with bright spots representing mitochondria (Fig. 4 b) . This pattern corresponded well with the long tubular organelles shown in Fig. 4 a. The linear, dimly fluorescent image, however, was rapidly transformed into brighter polygonal structure with concomitant cessation of streaming, on further irradiation with blue light (Fig. 4 c, d ). The polygonal network detected by the staining with Di0C6(3) had been known as the characteristic pattern of ER.2~,7)-l0) Hence, the long tubular entity we saw in Spirogyra was identifiable as ER. In persuit of rapid changes of fluorescence image, however, the polygonal structure was shown to be a distorted form of ER resulting from irradiation with the exciting light beam and not to represent the normal feature of ER. Phase contrast micrographs in Fig. 4 (e-h) indicated the recovery process of ER to the normal pattern after the irradiation was off. In Fig. 4 h, the movement recovered completely. Thus it was shown that the formation of the polygons and cessation of streaming in the Di0C6(3)-stained cells were reversible, if the irradiation was brief.
Now that the tubular bodies in active motion have been regarded as ER, the next question to be raised is how they move on F actin bundles. Though myosin has so far not been isolated from Spirogyra nor demonstrated with labeled anti-myosin, it may be reasonable to assume that movement occurs by the interaction between cortical F actin bundles with putative myosin-like protein(s) attached to the ER.
As shown in the foregoing, centrifugation of Spirogyra filament in its longitudinal direction shifts the nucleus, chloroplasts and most of the cytoplasm to the centrifugal end of each cell where they are packed en masse. It is rather surprising that such a drastic change in intracellular distribution of cell organelles exerts hardly any fatal effect on the cell. The chloroplasts and nucleus come back gradually to their normal positions after centrifugation. The restitution mechanism of the organelles after centrifugation is an interesting question to be dealt with.
